Denitrifying bioreactors have been suggested as effective best management practices to reduce nitrate and nitrite (NO x ) in largescale agricultural tile drainage. This study combines experiments in flow-through laboratory reactors with in situ continuous monitoring and experiments in a pair of field reactors to determine the effectiveness of reactors for small-scale agriculture in New York. It also compares the use of a typical woodchip media with a woodchip and biochar mixture. Laboratory results showed linear increase in NO x removal with both increased inflow concentration and increased residence time. Average removal of NO x in weekly monitoring of field reactors over the course of two growing seasons was 3.23 and 4.00 g N m -3 d -1 for woodchip and woodchip/biochar reactors, respectively. Removal of NO x during two field experimental runs was similar to in situ monitoring and did not correlate with laboratory experiments. Factors that are uncontrollable at the field scale, such as temperature and inflow water chemistry, may result in more complex and resilient microbial communities that are less specialized for denitrification. Further study of other controlling variables, other field sites, and other parameters, including microbial communities and trace gas emissions, will help elucidate function and applicability of denitrifying bioreactors.
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Controls Influencing the Treatment of Excess Agricultural Nitrate with Denitrifying Bioreactors
William T. Pluer,* Larry D. Geohring, Tammo S. Steenhuis, and M. Todd Walter N onpoint-source nutrient pollution from agriculture remains a significant issue despite continued efforts to mitigate it. Nitrogen (N) and phosphorus (P) pollution leads to lowered water quality in freshwater and coastal regions, degrading biological, ecological, social, and economic value of the environment (Galloway et al., 2004) . Excess N, most commonly found as nitrate (NO 3 -) in water, is a problem for estuarine and marine systems in particular (Shirmohammadi et al., 1995; Kemp et al., 2005) . Biological assimilation and denitrification are the two primary mechanisms for removing NO 3 -. Denitrification is the reduction of NO 3 -along the following pathway (Groffman et al., 2006) : NO 3 -® nitrite (NO 2 -) ® nitric oxide (NO) ® nitrous oxide (N 2 O) ® dinitrogen gas (N 2 ).
Engineered solutions using denitrification to mitigate N pollution, including wetlands and riparian buffers, are intended to completely reduce NO 3 -and NO 2 -(NO x ) to N 2 (Burgin et al., 2013; Groh et al., 2015) . Ideally, by bringing this process to completion, the release of intermediate products is avoided. All of these products have the potential for negative environmental impacts, including ozone depletion, greenhouse effect, and nitrite poisoning (Seitzinger et al., 2006) .
One solution under investigation is the denitrifying bioreactor, which intercepts runoff, tile drainage, and/or shallow groundwater from agricultural fields for treatment before water discharges to a receiving water body (Schipper et al., 2010b) . Reactors are designed to provide ideal conditions for denitrification: an anaerobic environment with an abundant carbon source, commonly woodchips, and abundant NO x (Schipper et al., 2010b) . The use of organic matter to remove agricultural N was first reported in 1971 (Williford et al., 1971) . There has been significant development and improvement of this field-edge management practice in the past 20 yr (Schipper et al., 2010b; Christianson et al., 2013a; Ghane et al., 2015) . Results from in situ field reactor studies show high removal rates of NO x from influent of up to 30 g N m -3 d -1 (Bell et al., 2015) . To date, installations of reactors have been concentrated in agricultural areas in the midwestern United States, with several others in New Zealand and Ontario, Canada (e.g., van Driel et al., 2006; Moorman et al., 2010; Schipper et al., 2010a; Christianson et al., 2012) . Although many known denitrification controls have been observed in field and laboratory reactor studies, there has been minimal work linking quantification of their effects on N removal rates to the field scale. Studies conducted by Chun et al. (2009 Chun et al. ( , 2010 and Ghane et al. (2014) have examined flow properties through woodchips in both laboratory and field reactors; each found similar conclusions between scales regarding porosity and hydraulic conductivity while using Darcy and non-Darcy flow, respectively. Bell et al. (2015) showed the effects of residence time on N removal rate in field-scale reactors receiving spiked pond water, which concurred with a laboratory study demonstrating increased removal at longer residence times (Greenan et al., 2009) . Warneke et al. (2011b) found that carbon availability was the limiting factor in promoting denitrification in a laboratory incubation. This study used higher NO 3 -concentrations than typical field conditions, which limits the comparison to in situ reactors. More recently, Moorman et al. (2015) used laboratory and field data to scale up to watershed reductions from reactors. Other laboratory or pilot-scale investigations have shown the importance of flow rate (Greenan et al., 2009) , flow variability (Christianson et al., 2011b) , and temperature (Warneke et al., 2011c) .
Denitrification is the primary process of N removal in these reactors (Greenan et al., 2009; Warneke et al., 2011a) , and, as a result, the singular focus on N treatment is to be expected. However, N and P are closely coupled in agricultural pollution (Kovacic et al., 2000; Groffman et al., 2006) ; if denitrifying bioreactors are to be an ideal solution, they need to be designed to treat both nutrients. Excess P can disrupt freshwater systems, where it is typically a limiting nutrient (Sharpley et al., 1994) . Effective treatment of P uses different processes from those associated with N removal because of its contrasting properties; removal of P typically focuses on sorption rather than biological processes, which are effective for N removal (Sharpley et al., 1994) . A few studies on reactors have attempted a common strategy, specifically combining diverse media that facilitate treatment of N and P (Schipper et al., 2010b; Anderson et al., 2011; Easton et al., 2015) . Biochar is a soil additive created from the pyrolysis of organic matter that has a high affinity for sorbing organic matter, nutrients, and metals (Lehmann et al., 2006) . Phosphate readily sorbs to biochar (Anderson et al., 2011; Angst et al., 2013; Bock et al., 2015) . Although some initial work has examined biochar-amended woodchip reactors Easton et al., 2015) , potential for biochar as a media augmentation to retain P warrants investigation in field-scale, flowthrough reactors.
This study provides quantification of controls on N removal rate in reactors based on laboratory experiments. It also compares results from a laboratory reactor study to data from two field-scale in situ reactors to understand the extent to which field expectations can be characterized by data obtained in laboratory reactors. In situ components of this study involve both controlled field experiments and continuous monitoring. Laboratory experiments were designed to test the effects of inflow NO x concentration, pH, residence time, and reactor media on average NO x removal rate. Two types of media were used: woodchip only and mixed woodchip/biochar. The latter was anticipated to promote P removal while maintaining high N treatment.
Materials and Methods

Laboratory Reactors
Bench-scale laboratory reactors were constructed to mimic field reactors in shape, media, and construction to improve comparability between scales. Experimental runs within these reactors allowed for analysis of control variables that were not possible at the field scale due to constraints on time and resources. Although laboratory-scale systems are not perfect analogs for field-scale systems, they can identify likely trends in the way field systems may respond to different variables. In March 2013, Rubbermaid containers, 46 cm wide by 66 cm long by 23 cm deep (Supplemental Fig. S1 ), were each filled with 8 kg of media. The containers were shaken to settle media and then covered and sealed. Three reactors were filled with woodchips, and three were filled with woodchips and biochar that was mixed in a 9:1 volumetric ratio. Water from tile drainage at the field site was pumped through the laboratory reactors for 1 wk to inoculate media with a similar microbial community to that found in the field reactors. Woodchips used in the reactors were primarily ash (Fraxinus sp.), ranging in size from 2 to 12 cm in length and 0.5 to 3 cm in width and thickness with minimal sawdust. The biochar used was produced through slow pyrolysis by Biochar Now, was mostly of pine origin (Pinus sp.), and was in chip form (roughly 2-6 cm in length and 0.5-1 cm in width and thickness). The biochar was not rinsed, and, as a result, biochar powder was included in the mixture. A chip form of biochar was chosen for its similar shape to the woodchips, thus ensuring consistent flow properties across media types. The same source, type, and treatment of media were used for the laboratory and field reactors.
Inflow and outflow spouts were screwed into the ends of the containers 2 cm from the bottom. Tubing (0.64 mm i.d.) connected inflow spouts to shared tanks of inflow water and ran through a peristaltic pump to control flow rate and residence time. Water was retained in the reactor to ensure the entire media was saturated and exited at the bottom to mimic field reactors. Although inflow and outflow did not connect to distributing piping within the reactor like the field design, full saturation was intended to reduce the effects of entry velocity. Preferential flow paths likely play an important role in reactor function, especially concerning horizontal flow similar to interflow in soil (Flury et al., 1994) . In scaling down the reactors, the ratio of edges to volume increases, which may alter flow patterns differently than what may occur with larger, in situ reactors. The flow paths, and their potential to cause edge effects or dead zones, were not controlled or eliminated, which was a potential shortcoming of this design; future designs should use distributed inflow and outflow to minimize this.
Tap water was augmented with mixtures of KNO 3 , HCl, and NaOH in 210-L tanks to meet desired inflow concentrations for each experimental run, as detailed below. Inflow and outflow concentrations were monitored until outflow reached an equilibrium concentration, which occurred after 2.5 to 3 times the residence time. Three samples were collected from each reactor after reaching equilibrium to account for variable mixing within the reactors. Samples were filtered using 0.45-mm filters and stored at 4°C. Storage before analysis did not exceed 48 h for anions (Pfaff, 1993) . Water flow rate, pH, and temperature were also monitored. Tap water was pumped through the reactors for at least 8 h before each run to flush reactors of stagnant water, restore anaerobic conditions, and refresh microbial activity. Theoretical residence time was calculated using the total saturated volume in the reactor and a measured total porosity of 0.6 for both woodchips and woodchip/biochar media. This was verified with loading and flushing tests (Pluer, 2015) as well as with a tracer test. These tests suggest that the estimated values were probably slightly higher than the actual residence times. Because focus was placed on general trends, no corrections were made. Given the inherent differences between laboratory and field reactors, added precision in determining residence time would not likely add value. Removal rate was determined by multiplying concentration reduction by flow rate and normalizing by the saturated volume of the reactor.
Experiments conducted with laboratory reactors tested the influence of inflow NO x concentration, residence time, and pH on N reduction. Base conditions used an inflow concentration of 12 mg L -1 NO x -N and a residence time of 6 h, based on preliminary field sampling. Base conditions for pH were 7.0 due to local tap water. Temperature was constant at laboratory environmental conditions through all runs (22°C; SD, 0.5°C). The first experiment consisted of four runs of varied inflow concentrations of NO x (5, 9, 12, and 20 mg L -1 NO x -N). Higher inflow concentrations were expected to result in greater concentration reduction and removal rates of NO x but were also expected to show higher outflow concentrations. The second experiment consisted of six runs with varying residence times in the reactors (2, 4, 6, 8, 10, 12 h), which was achieved by changing inflow rate. Increased residence time was expected to increase NO x reduction, but low inflow load was considered as a potential limitation on removal rate at high residence times. The final experiment of two runs altered pH (6.7, 7.0), with inflow NO x and residence time at base conditions as detailed above. Greater NO x reduction was expected from more basic pH. Although P removal was the justification for amending bioreactor media with biochar, the scope of this study was limited to controls on NO x removal rates.
Field Reactors
Paired denitrifying bioreactors were constructed at the Homer C. Thompson Vegetable Research Farm, located in Tompkins County, NY, and operated by the Cornell College of Agriculture and Life Sciences. The reactors, built in October 2012, are located adjacent to Fall Creek, in the Seneca River watershed, which drains into the Great Lakes. Reactors receive shared inflow from a single tile drain, which drains approximately 4 ha of experimental vegetable fields. Soils in the drainage area are mostly Howard gravely loam, with some Eel silt loam. Each reactor consisted of a level trench that was 7 m long by 3.5 m wide by 1.5 m deep. Trenches were each lined on the bottom, sides, and top with a single piece of North Plastics 5-mil polyethylene. This was sealed and covered with 30 cm of topsoil to contain flow and gases. Perforated drainpipes were laid on the bottom of the reactor at the entrance and exit to distribute and collect water. An AgriDrain water level control structure connected reactor inflow pipes to a field tile drain to divert water equally into the paired reactors and to allow bypass if necessary (Supplemental Fig. S2 ). Additional control structures were placed at each reactor outflow to control the flow rate and volume of saturated media in each reactor. As described for the laboratory reactor setup, one reactor was filled with woodchips, and the other was filled with woodchips and biochar at a 9:1 volumetric ratio.
Following a winter settling period after construction, stoplogs were inserted to depths of 88 and 65 cm for inflow and outflow structures, respectively, diverting drain flow into the reactors. Continuous field water samples were taken at approximately weekly intervals from April through November 2013 and from April to December 2014. Samples consisted of inflow and outflow grabs from the flow control structures. Samples were filtered and stored for anion analysis as described previously. Although P was not the emphasis of this project, we analyzed field samples for dissolved reactive P (DRP), ensuring refrigerated samples were analyzed within 72 h of collection (Martin et al., 1994) . Calculations for residence time and removal rate were the same as described for laboratory reactors.
Two experimental runs were conducted on the field reactors to determine their performance compared with the laboratory reactor runs. These occurred in August and September of 2013. Tile drain flow was disconnected, and augmented stream water was pumped into the inflow control structure. Concentrated NO 3
-was added using a Mazzei injector. The pump rate was set to create an estimated residence time of 6 h based on media porosity and saturated volume. Runs varied inflow concentration of NO 3 -, using 5 and 12 mg L -1 NO x -N (low and high runs, respectively) similar to laboratory experiments. Composite samples were collected hourly using ISCO 3700 Samplers and processed within 24 h of collection.
Sample and Data Analysis
All samples were analyzed for NO 3 -and NO 2 -, resulting in a combined NO x -N value, using USEPA Method 300.0 and a Dionex ICS-2000 Ion Chromatograph (Pfaff, 1993) . Filtered samples were analyzed for DRP on a Thermo Jarrell Ash Inductively Coupled Plasma Spectrometer using USEPA Method 200.7 (Martin et al., 1994) . R version 3.2.1 software was used for statistical analysis. In the laboratory experiments, water samples were averaged across triplicate reactors of each media and treated as a single sample for statistical analysis. This was performed for each of the three equilibrium sample collections, resulting in six average samples per run for statistical analysis. Box-Cox transformations were used to normalize the dataset of each experiment independently and then verified with normal quantile-quantile (QQ) plots. This allowed for optimal transformations for each dataset while maintaining consistency. One-sample t tests were used to determine if rates of removal were significantly greater than zero for each run. A paired t test was used to compare the effects of reactor media on average removal rate for each experiment. Multivariable linear analysis was then used to determine which factors exhibited significant influence on NO x reductions for each experiment separately. The Durbin-Watson statistic was used to determine the presence of serial correlation of equilibrium samples. In addition, residuals were plotted against time and quantiles (QQ plot) to ensure time independence and identical distribution of error, respectively, for each model.
Field data were not transformed due to the bimodal distribution and small sample size for the continuous monitoring and field experiments, respectively. A Wilcoxon signed-rank test was used to determine if average removal rates for each reactor for continuous monitoring and experimental runs were significantly greater than zero. Additionally, a Wilcoxon rank-sum test was used to compare removal rates between media types. A DurbinWatson statistic was used to determine the presence of serial correlation in samples taken during experimental runs. Additionally, residuals were plotted against time to ensure time independence.
Results and Discussion
Laboratory Reactors
Removal rates of NO x -N were significantly greater than zero (p < 0.05) in each run and demonstrated strong linear relationships with inflow NO x concentration and residence time (Fig.  1) . Biochar-amended reactors performed significantly better than woodchip reactors (p < 0.001); reduction rates, averaged across all experiments, were 6.6 and 6.8 g N m -3 d -1 , respectively. Outflow concentrations from the reactors stabilized over the course of each experimental run, requiring between 2.5 and 3 times the residence time of the run (Pluer, 2015) . In each of the linear models, the individual reactor was also a highly significant variable, more so than media type. This suggests that, although trends remain the same, quantitative expectations for any reactor are specific to that individual reactor. This may be due to variability in preferential flow paths, microbial community development, or other characteristics that make each reactor a unique system. The same conclusion regarding reactor uniqueness has been documented by previous multireactor studies, which observed a wide range of removal rates (Schipper et al., 2010a; Christianson et al., 2012) .
Both reduction of concentration and removal rate, normalized by total volume of reactor, followed a strong linear relationship with inflow NO x concentration ( Fig. 1a, b ; Supplemental ) were within the range of high-end rates found in field reactor studies (11-30 g N m -3 d -1 ) (Schipper et al., 2010a; Bell et al., 2015) . However, removal rates observed at inflow concentrations of 5 mg L -1 NO x -N inflow were very low, suggesting these reactors may not be an ideal mitigation for low concentration N pollution. Low NO x removal rates have been attributed to N limitation from low N inputs (Schipper et al., 2010a) . Based on the linear relationship over the range of inflow concentrations tested here, rates of denitrification were N controlled. This was consistent across inflow NO x concentration levels, including those in the range of 20 mg L -1 NO x -N, which was roughly the highest concentration of field reactor inflow in this study. Extending this range may find a level at which increasing inflow NO x no longer increases removal rate.
Removal rates of NO x -N in the residence time experiment were significantly greater than zero at all residence times ( Fig.  1c, d; Supplemental Fig. S4 ). Concentration reduction showed a strong and positive linear relationship to increasing residence time. This did not apply to removal rate, which instead showed a negative relationship. This was due to the experimental design in which increasing target retention time was achieved by reducing inflow rate and not by increasing the designed reactor volume. Therefore, increased concentration removal was offset by inversely proportional flow and NO x loading rates, which resulted in a lower correlation for the removal rates. Focus should be placed on the concentration removal plot for selecting a design retention time for designing reactors (Christianson et al., 2011a) . Reduction of NO x concentration likely continues to increase beyond a 12-h retention time, although with diminishing returns. Approximately half of the N was removed in 8-to 10-h residence times, which is an appropriate compromise between benefit and cost for field reactors, according to Christianson et al. (2011b) . This experiment assumed that active pore volume and distribution of residence times was the same for all runs. Because this was a potential shortcoming of this design, retention time should be verified in future experimentation with inert tracers similar to Christianson et al. (2013b) .
Metrics of NO x -N removal from the pH experiment were assessed using only t tests rather than linear regression because only two runs were conducted in the experiment (Fig. 2a, b ; Supplemental Fig. S5 ). Attempts to alter pH were buffered by the hardness of the tap water used. Inflow pH levels were 6.7 and 7.0 instead of the intended 6.2 and 8.7, respectively. Despite this small difference between inflow pH values, results are included due to significant differences for both concentration reduction and removal rate. Both pH values used fell within the range that reportedly supports denitrification, but the more basic range tends to favor complete denitrification, which is desirable, as previously discussed (Bakken et al., 2012) . Differing results for the two metrics were due to a difference in flow rate, potentially from debris in outflow tubing. The removal rate for pH 7.0 was the higher of the two runs; however, a wider range is needed to predict a trend. Additions of acid or base would decrease or increase total alkalinity, respectively, although it was not measured. Observed differences in the pH experiment may be more accurately attributed to alkalinity instead. Additional experimental runs, that vary pH, with alkalinity analyses are needed to develop boundaries of effectiveness and to determine whether the apparent relationship persists.
Field Reactors
The field reactors removed an average of 4.0 and 5.3 mg L -1 NO x -N from central New York tile drain flow for woodchip and woodchip/biochar media, respectively ( Fig. 3a, b; Supplemental  Fig. S6 ). This was 41 and 54% of inflow NO x through two growing seasons. The removal rate in the biochar reactor was significantly greater than the woodchip reactor, similar to findings in the laboratory experiment and by Easton et al. (2015) . Although sample concentrations varied over time (coefficients of variation in outflow concentrations each ranged from 0.7 to 1.4), removal rate was significantly greater than zero (p < 0.001) for each reactor. Rates of reductions averaged 4 g N m ) demonstrated in other studies (Christianson et al., 2012; Bell et al., 2015) . This observed N removal performance was less than that observed in laboratory reactors. This was likely due to a combination of hydrological, environmental, and internal reactor conditions, as discussed below. Despite this, the removal rate scales to 5.5 or 6.5 kg N ha -1 removed annually from the watershed. This lies within the range of 0.5 and 15.5 kg N ha -1 yr -1 reported in other reactors (Christianson et al., 2012) .
The disparity between averages of removal rate and concentration reduction was mostly attributable to highly variable flow rates combined with grab sampling (Fig. 4) . Coefficients of variation of flow rate were 2.3 and 1.5 for woodchip and woodchip/biochar reactors, respectively. It is possible that this flow variability contributed to lowered removal rates (Christianson et al., 2011b) . Base flows were low and brought in low concentrations and loads of NO x , likely creating an N-limited system. This was intermittently disrupted with high flow rates, which brought large quantities of NO x . These conditions are similar to those observed by Woli et al. (2010) . Intermittent high flows also caused concurrent drops in residence time when holding N-rich water for treatment was critical (Christianson et al., 2011b) . These disruptions may encourage a highly variable and adaptive microbial community more focused on resilience with inflow unpredictability rather than on optimal denitrification (Hathaway et al., 2015) .
Considering the shallow groundwater in the study area, it is also possible that these high flow events, all from rainfall events, could have contained more oxygenated water. This would have decreased the volume of anaerobic environment in the reactor where denitrification occurs. Some of this water may have entered the control structure as surface runoff during flood conditions. This would be especially disruptive in small reactors like those in this study. However, laboratory experiments show that anaerobic conditions are reached quickly, which suggests that inflow oxygen was not a likely explanation for low removal rates. Due to changing paths of preferential flow and varying depths of saturation from natural water table movement, some cycling of aerobic/anaerobic conditions in pore spaces may have occurred. In flatter watersheds, reactors receive more constant flow rates, which would decrease this oxygenation cycling. Despite variability in flow conditions and other environmental factors, reactors showed N removal in 44 out of 52 samplings.
Observations in the field experiments were more variable than those made in the laboratory setting, as would be expected where many variables were not controlled. Inflow NO x concentration varied, with coefficients of variation of 0.2 and 0.6 for low and high runs, respectively. Removals in the low inflow run were similar to continuous field monitoring ( Fig. 3c, d ; Supplemental Fig. S7 ). This reduction was above what was expected based on the 5 mg L -1 inflow NO x -N run of the inflow concentration laboratory experiment. In contrast, the high run was less than half as effective as predicted based on laboratory results (Fig. 3e,  f; Supplemental Fig. S7 ). Small sample sizes for both runs led to there being no significant difference between inflow and outflow of both reactors. Reductions in the two reactors were not significantly different from each other for either run.
Lower-than-expected removal in the higher-concentration inflow run of the field experiment could be attributed to several possible reasons. First, the stream water that was pumped into the reactor inflow in place of tile drainage was much higher in dissolved oxygen (>10 mg L -1 ) than typical groundwater. This could have reduced the volume of anaerobic conditions in the reactors and reduced the load removal per volume. However, laboratory reactors were able to establish anaerobic conditions with tap water in less than half of the average residence time of the field experiment. In addition, aerobic cycling has been shown to improve denitrification in batch laboratory reactors (Zeng et al., 2003) . It is possible that the flushing caused a restructuring of the microbial community in reactors that were not adapted to this. Because the laboratory reactors were regularly flushed, these communities were likely prepared for flushing and therefore were not as negatively affected. The field reactors were not accustomed to rapid changing in NO x concentrations, whereas the laboratory reactors were repeatedly exposed to this. Variability further demonstrates the uniqueness of each reactor and its microbial community, making quantitative reduction predictions difficult.
Some P uptake was expected in the reactors from biological processes, based on microbial growth and the Redfield ratio, but also through sorption (Galloway et al., 2004; Groffman et al., 2006) . Instead, P was leached from the reactors (Fig. 5) , especially during the first growing season. This, in part, contributed to limiting the scope of the study to NO x and omitting P. However, some DRP loading rates were over 0.2 g m -3 d -1
, potentially due to storm events, but average inflow DRP concentration was only 0.03 mg L -1
. Dissolved reactive P concentration in the outflow decreased, although not significantly, in the second year as the media was flushed and stabilized. This led to moderate DRP reduction in both reactors. This flushing was more obvious in the biochar, either from previously sorbed P being released into solution or flushing of biochar powder. Based on this, the woodchip/biochar reactor might have been a more effective P sink if biochar were rinsed before use. The net impact on P export from agriculture was not significantly reduced in any reactor in the 2 yr, although this may emerge in future seasons after reactors have been flushed. Continued sampling is necessary to confirm this. Additional sampling of digestible P in new woodchips and biochar compared with aged media may indicate how much P from the media could become biologically available as reactors age.
Summary and Conclusions
The reactors proved effective for treating NO x in the conditions of central New York, which was their primary design purpose. They were ineffective for DRP removal, although background levels were already low. High removal rates of NO x can significantly reduce N inputs to receiving water bodies to mitigate nutrient-induced eutrophication in agricultural landscapes and surface waters. Although removal rates were significant, field reactors had lower rates than laboratory reactors and larger-scale reactors from other studies (Schipper et al., 2010b; Warneke et al., 2011b) . Biochar additions led to a significant increase in removal of NO x ; however, improvements were not large in either the laboratory or field. The laboratory inflow NO x and residence time experiments showed strong linear relationships to NO x removal. Additionally, the experiment in which pH was altered, while only having two treatments, indicated that this factor has a potentially significant influence on reactor denitrification. Field experiments had much more variability and only showed significant removal rates in one of the runs. Laboratory experiments were not accurate predictors of field experiments, suggesting that laboratory results can only predict trends and not quantitatively predict field effectiveness.
Optimal sizing for reactors and moderation of inflow NO x rates could improve reactor function and increase cost-effectiveness (Christianson et al., 2011a ). This will require more testing of potential controls, including pH, temperature, loading variability, and preferential flow patterns, in both laboratory and field settings. This could then be used to develop models to inform design and removal expectations. Due to the microbial scale at which denitrification occurs and the watershed scale at which excess N has environmental impacts, future reactor research should also address cross-scale concerns. Although linking laboratory and field reactors can address multiple scales, other factors, such as geography, seasonality, land use, and environmental conditions, will likely require widespread testing of reactors to fully understand their impacts and capabilities. 2-316 and Shree Giri, Shane DeGaetano, Sarah Levine, Siobhan Powers, Anne Elise Creamer, and Erin Menzies for assistance.
